Satellite retrieved Sea Ice Concentration (SIC) uncertainty is studied with respect to its effect on spectral wave modelling of ice-covered water. Eight SIC products based on four algorithms applied to SSMIS and AMSR2 data were analysed.
subtly refined whereas the both Arctic grids are similar. As such, the Chukchi-Beaufort grid was selected.
The principle of all sea ice algorithms as described in Comiso (2007) is that measured radiative flux can be expressed as Ti−To where the subscript b corresponds to observed ocean surface, and the ice-free surface is c o = 1 − c i (Comiso, 2007) . The accuracy of SIC is then dependent on the closeness of 125 tuning tie points to the ice-free and sea ice ocean surface brightness temperatures. The selection of frequency channels to derive polarisation ratios or differences (V and H) and gradient ratios (V polarisation) to retrieve SIC also dictates strengths and uncertainties of each algorithm. Technical details of the respective algorithms are described in the Table 1 data references.
Third-generation spectral wave model
The effect of SIC uncertainty on wave predictions was investigated by a hindcast experiment using The Arctic Ocean wave 130 model developed at the University of Tokyo (TodaiWW3-ArCS) based on WW3, which was introduced in Nose et al. (2018) .
Third-generation spectral wave models simulate the numerical evolution of waves as energy budgets based on the action density balance equation,
The left hand side concerns wave kinematics where N is the wave action density spectrum, which is a function of frequency (σ), 135 direction (θ), space (x and y), and time (t), and c describes the propagation velocities in spatial and spectral coordinates. In deep water when neglecting currents, c is the group velocity, c g . The primary source terms are on the right hand side and consist of the following: the wind input term, s wind , the wave dissipation term, s dissipation , the non-linear interaction term, s non-linear interactions , and the wave-ice interaction term, s ice . The sum of these source terms, s, is expressed based on the following default scaling in ice-covered waters:
A curvilinear grid implemented by Rogers and Campbell (2009) is suitable at high latitudes and adopted here with a polar stereographic projection of 75°N latitude (produced by Mathworks Matlab's polarstereo_inv function). The TodaiWW3-ArCS grid used in this study has an increased horizontal resolution of 4 km, and its domain was modified to only cover most of the Pacific side of the Arctic Ocean (which covers the following region of the polar stereographic grids: the easting extent between 145 −1,800 km and 1,512 km, and the northing extent between 520 km and 2,904 km). The model domain was enclosed by ice cover from other seas during the November 2018 modelling period, so nesting was unnecessary. Similar to Rogers et al. (2016) , we neglected swell penetration through the Bering Strait. The spectral grid has 36 directional and 35 frequency bins with the latter ranging from 0.041 Hz to 1.052 Hz. The grid was defined using the International Bathymetry Chart of the Arctic Ocean bathymetry (Jakobsson et al., 2012) and the Global Self-consistent, Hierarchical, High-resolution Geography shoreline data 150 (Wessel and Smith, 1996) , and there are approximately 301,535 sea point cells. During the version upgrade of TodaiWW3-ArCS, s wind and s dissipation parameterisations and wind forcing were sanity checked against the 2016 September storm when the model and observations agreed well (Nose et al., 2018) . We compared the leading packages, ST4 (Ardhuin et al., 2010; Rascle and Ardhuin, 2013) and ST6 (Rogers et al., 2012; Zieger et al., 2015; Liu et al., 2019) , using ECMWF global reanalysis (ERA5) 10 m wind (U 10 ). The latter parameterisation showed marginally improved 155 agreement using default parameters; so all simulations used the ST6 parameterisation and were forced with ERA5 wind fields.
The s ice term is composed of the following attenuation terms: dissipation due to basal friction, flexural dissipation, and visco-elastic dissipation, and these terms can be combined with an energy-conservative scattering attenuation term. Physicsbased wave-ice parameterisations in WW3 include basal friction (IC2) Boutin et al., 2018) , visco-elastic dissipation (IC3) (Wang and Shen, 2010; Rogers et al., 2016; Cheng et al., 2017) , IC5, which is an another type of a visco-elastic 160 beam model (Mosig et al., 2015) , and scattering including flexural dissipation (IS2) (Kohout and Meylan, 2008; Williams et al., 2013; Ardhuin et al., 2018; Boutin et al., 2018) . The dominant floe size scale within a distribution should dictate the range of wavenumbers for which scattering is important. In field observations, a simple power law of floe size distributions appears to describe how wave attenuation varies with wave frequency (Squire, 2018) . Numerically, attenuation using the IS2 switch based on Kohout and Meylan (2008) ; Williams et al. (2013) ; Ardhuin et al. (2018) ; Boutin et al. (2018) has been implemented in 165 WW3, which adopts an assumed power law derived from the estimated maximum floe size due to ice break up. In refreezing ocean near the ice edge where the R/V Mirai transect and Piper#13 observations were conducted, the MIZ mostly comprised of pancake and ice cake sizes well below the local wavelengths; scattering attenuation is less dominant for these waters (Squire, 2018) . As such, scattering was not considered here, and the wave hindcast experiment used the IS0 switch. The underlying principle of sea ice models is that sea ice is treated a continuum. In the field, sea ice floes are not a continuous sheet, so the 170 selection of an appropriate wave-ice interaction parameterisation does remain an open question. We do know, however, these source terms are sensitive to the data for which they are tuned, so the experiment adopted the IC3 package with the default parameters as it has been developed for grease, frazil, and pancake ice (Rogers et al., 2016; Cheng et al., 2017) using the refreezing Beaufort Sea data of Thomson et al. (2018) . Regarding sea thickness forcing, a homogeneous input option with a value of 10 cm was applied to avoid ambiguity between different SIC products; the treatment of independent SIC and sea ice 175 thickness data sets is not a trivial matter (Chevallier et al., 2017) . 10 cm was chosen because the MIZ transect observation was mostly characterised by new and young ice like grease, nilas, and pancakes, of which the upper bound of sea ice thickness is of a similar order (Canadian Ice Service-Environment Canada, 2005).
For the hindcast experiment, ASI-3km and OSISAF-AMSR2 data were excluded: the former high resolution regional data are invaluable for the SIC uncertainty analysis, but its domain is too small for the hindcast experiment. 
R/V Mirai sea-truth observation
Coinciding with the ship schedule, the transect waters began to refreeze and became consolidated ice cover at the start and (several days after) end of the observation period, respectively. The sea ice observation is grouped in four phases as distinct ocean surface features were captured from four meteorological conditions the ship encountered. The shipboard wind and SST time series is provided in Figure A3 of Appendix C. During the first few days between 9 and 13 November 2018 (Phase 1), 200 gradual sea ice growth was observed both in extent and ice cake/floe sizes under generally calm surface conditions. On 14
November, the most significant on-ice wind event during the transect period occurred. The peak wind speed measured by R/V Mirai was 18 ms −1 , and > 10 ms −1 winds persisted for roughly 18 hours at the ship location. WM-2 and Piper-C#15 H m0 both peaked > 2.00 m in ice cover indicating energetic sea state of this event. The MIZ was mostly broken up ice fields on the following day, which was followed by the most apparent sea ice advance on 16 November as a seemingly dense ice field was 205 encountered. We've grouped this period, Phase 2, as the on-ice event and aftermath. During 17 and 18 November, sea-truth
observation was mostly open water; our conjecture is the sea ice disappeared by horizontal advection, but there is insufficient evidence to simply discard rapid melting or other processes. This analysis is still ongoing work. This period of minimal ice sighting is referred as Phase 3. In the final Phase 4, SSTs along the transect waters began to warm despite the persistent and strengthening cold off-ice winds. Air temperatures along the MIZ transect on 18-20 November were < −10°C, but the dense where the ice exists. In other words, the spatial distribution is highly variable and not uniform; therefore, SIC would vary depending on the footprint for which the quantity is being estimated.
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Uncertainty of a physical quantity, X, from herein is defined as follows:
where the subscripts are the respective satellite retrieved SIC products (six SIC forcing for the wave hindcast data). So SIC and H m0 uncertainties are denoted respectively as follows: ∆SIC = uncertainty(SIC) and ∆H m0 = uncertainty(H m0 ). ocean and pack ice. Accordingly, the spatial variability is not captured; coarser footprint resolution is likely a cause, however, it is speculated that other factors such as aerial filtering may also be affecting the OSISAF-SSMIS SIC estimates.
To quantitatively analyse the spatial variability shown in Figure 4 , 0.15 and 0.85 SIC contours were overlaid on the NRCS mosaic of Sentinel-1 images acquired on 15 November 2018 ( Figure 5 ). The NRCSs are an useful medium to overlay the SIC contours because they provide indication of true sea ice fields. The mosaic depicts sea ice edges have a wavy, but highly 245 nonlinear, jagged form. For most of the ice edges, Figure 5 shows OSISAF-SSMIS derived 0.15 contours are smoother whereas the BST-AMSR2 and ASI-3km contours appear to follow the sea ice edge concavity and convexity with a varying degree of closeness; the latter appears to be qualitatively more consistent with the ice edges detected in the NRCS data. Figure 5 also shows the 0.85 SIC contours are somewhat qualitatively similar between OSISAF-SSMIS and ASI-3km; however, BST-AMSR2 and OSISAF-SSMIS 0.85 contours can be some 200 km apart, for example between 73.00°N, 190.00°E and 74.00°N, 250 185.00°E. Regions of low radar intensity that appears dark in the NRCSs are apparent in the disparate 0.85 SIC contours, which indicate the waters in this area were not high SIC. As such, it does imply BST-AMSR2 overestimated the SIC for this date.
Although not shown here, 0.50 SIC contours are inconsistent among all three products. Qualitatively, spatial variability in the region of the greatest discrepancies appears to be best captured by ASI-3km for this particular date.
The analysis here suggests ASI-3km generally captures the SIC spatial variability shown in the NRCS data; however, there 255 is insufficient evidence to determine its accuracy. A more straightforward conclusion is that there is considerable uncertainty among various satellite retrieved SIC products derived from different algorithms and sensors.
Wave model predictions at the observation sites
The wave hindcast experiment as described in Section 2.3 is conducted to examine how the SIC uncertainty translates to wave predictions in MIZs. Because we lack a sufficient duration of robust in situ wave measurements, two independent numerical It is interesting to point out that using different sea ice forcing alone causes wave estimates to deviate in open water. This is also the case between the ERA5 ECWAM and ARCMFC models, which both use ECMWF wind forcing. The deviation of
wave estimates in open ocean is more apparent during the off-ice wind conditions at the end of the transect observation period.
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A conjecture is that a different treatment of sea ice in each model modifies available fetch for which waves can be generated; Piper#13 drifting buoy observation 300 Figure 7 is a Piper#13 equivalent of Figure 6 with the respective observational data. Satellite retrieved SIC for all products at the Piper#13 positions is provided in Figure A7 of Appendix C. The buoy data are discussed first. It measured H m0 > 1.00 m for two days after being deployed at the finals hours on 6 November 2018. H m0 tapered off to around 0.20 m, but briefly rose to 0.60 m when the wind speed increased at around 12 November 2018 00:00. Then, it drifted in ice cover with less wave penetration; no measurable wave signals propagated to Piper#13 as derived spectra indicate instrument noise except during the 305 on-ice wave event between the late hours on 14 November and the early hours of 15 November . Peak wave periods, T p , which is a frequency inverse corresponding to the maximum variance density, were consistently around 9 s; this is likely a true wave signal even though H m0 was only 0.05 m.
Regarding the wave hindcast, TodaiWW3-ArCS ∆H m0 was the largest in open water and decreased with mean(H m0 ). ice cover, rapid attenuation is expected within the order of tens of kilometres Squire, 2018) , so the ice 330 edge locations and the SIC variability near it affect the model simulation of wave decay. For the selected off-ice wave case, a low pressure system over Alaska and a high pressure system north west of the Chukchi Sea generated sustained north easterly winds over much of the Chukchi Sea as depicted in Figure 8b , which generated open water H m0 > 3.00 m. In this case, the ice edge and SIC field determine the fetch on which waves are generated, and as such, the SIC forcing introduces H m0 uncertainty.
Owing to the heterogeneity of the wind and SIC fields and how they interact with each other, there is no statistical association 335 for the bivariate uncertainty data even when the H m0 is normalised to wind forcing. Examining the model uncertainties in the context of physical processes, a scatter plot is produced for both cases with the following visualisation technique: marker sizes are scaled to mean(H m0 ) like a bubble plot and each marker is colour coded according to the mean(SIC forcing) like a colour-coded scatter plot. The former aims to emphasise the model data near the ice edge where the effects of wave attenuation and growth associated with ∆SIC is most prominent, and the colour coded markers indicate mean(SIC) among all forcing.
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For simplicity, we refer to these figures herein as an enhanced scatter plot. figure coordinate origin is that the SIC uncertainty along the Siberian coast (not shown here) affects the waves in the upwind waters as indicated by very faint yellow shades in Figure 9a .
Analysis of the off-ice case is carried out in a similar manner. The data bound by Quadrilateral 2 as shown in Figure 10a reflect the model grid points with the north easterly off-ice wind conditions. Although the correlation is not as high as the on-ice wave case, the enhanced scatter plot in Figure 10c shows that the bivariate uncertainty data are correlated for the off-ice wave 360 case as well. Scatter is apparent for ∆SIC > 0.10, and although the enhanced scatter plot disparages data with low mean(SIC),
high ∆H m0 with low mean(SIC) do exist. Analogous to the on-ice wave case, this can occur near the ice edge when only one or two simulations have the SIC forcing representing open water conditions, while the wave growth is suppressed for the remaining simulations due to the sea ice forcing. This effect is depicted in Figure A8c of Appendix D for a transect of ∆H m0
and ∆SIC taken along the long axis of Quadrilateral 2. Here, ASI-6km and BST-AMSR2 have the most north east ice edge, and 365 highly forced waves rapidly grow under the north easterly wind forcing whereas the higher SIC forcing of the other simulations suppress the wave growth. Accordingly, ∆H m0 are less correlated with ∆SIC for the off-ice wave case. A distinct difference between the off-and on-ice wave cases regarding the ∆SIC effect on wave models is that ∆H m0 remains in the downwind open ocean whereas ∆SIC → 0. This is clearly shown in Figure 10c where ∆H m0 = [0.10, 0.60] when ∆SIC = 0 indicating the effect of ∆SIC forcing on model ∆H m0 can extend to the adjacent open water.
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The off-ice wave fetch is not only controlled by the ice edge as the cumulative effect of the ∆SIC along the fetch distance would be affected by the wave-ice interactions as implemented in WW3. The current numerical approach to simulate wind pumping energy into waves in ice cover is dictated by SIC because the wave evolution is scaled like (1 − c i )(s wind + s dissipation ) (Equation 2). The parameterised attenuation rates are also important for wave evolution over ice as waves grow when (1 − c i )(s wind + s dissipation ) > c i s ice . The difficulty of modelling off-ice waves using the Thomson et al. (2018) data have been 375 described by Gemmrich et al. (2018) as they proposed a novel cumulative fetch idea to improve wave predictions. Evidently, off-ice wave evolution is a complex process.
Lastly, for both on-and off-ice wave cases, significant ∆H m0 extends to the waters where the wind forcing is orientated along the ice edge; so the model data are briefly examined in the region of MIZs north east of Wrangel Island shown as Quadrilateral 1 in Figure 10a along the sea ice edge and north easterly wind forcing orientation. This region has considerable 380 ∆SIC (not shown here) like Figure 5 , and the model ∆H m0 is just as sizeable under the influence of high wind forcing. There is evidence of correlated bivariate uncertainty data in Figure 10b , and a combination of on-and off-ice wave features for the respective enhanced plots discussed in the previous paragraphs are depicted; however, deciphering the physical processes is complicated. Moreover, the modelled data in this region are strongly affected by whether wave evolution in ice cover follows
), a question that has been discussed in Rogers et al. (2016) ; Thomson et al. (2018) ASI-3km appears to be best equipped to reproduce the spatial variability and irregular ice edges that are depicted in the NRCS images.
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A wave hindcast experiment was conducted using an in-house wave model, TodaiWW3-ArCS based on WW3, and six SIC products (discarding two products that were considered unsuitable) as model forcing to examine how the SIC uncertainty translates to wave predictions in ice cover. The model estimates were compared with available in situ wave data, which revealed that there is no one forcing or a model that can reproduce the observations. The model H m0 uncertainty was examined in the context of wave decay and growth for on-and off-ice wave cases, respectively. There is evidence that bivariate model H m0
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and SIC forcing uncertainty data are correlated, although off-ice wave evolution is more complicated as it is affected by the cumulative effect of SIC uncertainty and the WW3 implementation of wave-ice interactions along an MIZ fetch.
Lastly, we compared the ∆H m0 distribution of the SIC forcing against the wave-ice interaction source term ∆H m0 distribution. Both uncertainties are found to be considerable during the simulation period with maximum ∆H m0 values of 1.95 m and 1.44 m, respectively. Although both uncertainty sources are significant, a Q-Q plot of the uncertainty distributions depicts the 470 accuracy of satellite retrieved SIC used as model forcing is the more dominant uncertainty source. The most important message of this study is that without the knowledge of true SIC fields, accurately modelling wave evolution in and near MIZs remains a difficult challenge.
Appendix A: R/V Mirai measurement system R/V Mirai is equipped with two anemometers that were located on the foremast at 25 m elevation, and indicative wind condi-475 tions at the ship positions were derived from 10 minute vector moving averages of 6 s interval instantaneous true wind speed and direction. SST was measured −1 m below the sea surface with further 5 m inlet to the gauge while air temperatures were measured on the foremast at 23 m elevation. Shipboard waves were obtained based on two methods: microwave radar system (WM-2) (TSK Tsurumi Seiki Co., 2019) at the bow and stern of the ship, and nine-axis Inertial Moment Unit (Piper#15), which is a variant but similar device of Kohout et al. (2015) . WM-2 has a sampling frequency of 2 Hz and collects raw sea surface ArCS simulation using OSISAF-AMSR2 as forcing calculates H m0 interpolated at R/V Mirai as 0 m during the Phase 2 on-ice event as shown in Figure A1 . The open ocean SIC estimates for 14 and 20 November are shown in Figure A2 .
Appendix C: Satellite retrieved SIC and shipboard data at in situ observation locations A supplementary material for Section 3 is provided in this Appendix. Figure A3 Two cross sections of the bivariate model H m0 and SIC forcing uncertainty data are presented for two transects shown in Figure A8 on 21 November 2018 18:00. The green line is a transect for which the wind forcing is orientated along the ice edge, and the magenta line shows off-ice wave evolution that is affected by the SIC uncertainty. Note that the green line is not a transect of wave evolution. observational plan.
the web. Satellite retrieved SIC were obtained from these sources (Cavalieri et al., 1996; Meier et al., 2018; Comiso, 2017; Hori et al., 2012; Spreen et al., 2008) . The OSI-401-b and OSI-408 were used and are the product of the EUMETSAT Ocean and Sea Ice Satellite Application
Facility. Sentinel-1 SAR data were downloaded from NOAA (2019). ERA5 data were downloaded from Copernicus (2019) (Sutherland et al., 2019) OSISAF applied to SSMIS (assimilated in sea ice model)
